Self-induced rotary sloshing caused by an upward off-centered jet in a cylindrical container is numerically and experimentally investigated. Unlike the regular jet-induced rotary sloshing, the present off-centered case could contain components of higher fluctuation in the surface wave and the amplitude exhibits different values in various view angles. A simple geometrical model for the amplitude is established, by assuming the conservation of the angular momentum of the sloshing wave, and the predicted amplitude is tested against the experimental and computational results. Some results for the flow pattern, sloshing period, possible occurrence regime and trajectory of the peak point of the free surface swell due to the inlet jet are given.
Introduction
Sloshing is an intriguing topic in numerous fluid-structure interaction problems, for example, the sloshing of the fuel tank in a ship or aircraft. The sloshing phenomenon affects the performance of the control system and so it is desirable to avoid a vibration at a liquid free surface eigenvalue in the container. The usual sloshing problem is sometimes handled with the potential flow theory of the small amplitude (see, for instance, Ibrahim 1) ). The velocity potential must satisfy the 3D Laplace equation with the boundary conditions of zero normal derivative on a wetted wall and the linearlized free surface condition. The inviscid solution gives the sloshing period of the lowest mode, which is described as
where ! 1 is the frequency of the sloshing, H L is a static liquid level, a is the radius of the container, g is the acceleration due to gravity and k 1 is the lowest root of the derivative of the first-order Bessel function and the value is approximately 1.84. Jet-induced rotary sloshing can be observed in a partially filled cylindrical container having a centered inlet nozzle and some drain nozzles (see, for instance, Madarame et al.; 2) Yoshida et al. 3) ). The inlet jet is injected through the inlet nozzle and the same volume is synchronously drained through the outlet nozzles so that the bath volume is kept constant. The rotary sloshing wave is classified into two types:
3) (i) shallow water wave type; (ii) deep-water wave type. In the associated studies of the jet-induced rotary sloshing the inlet water jet is sometimes replaced by a bubble jet or bubble/water mixture jet (see Iguchi et al.; 4) Shitara et al.
5)
). The preferable occurrence regime of the rotary sloshing is known to be dependent on the aspect ratio. Here, the aspect ratio is defined as H L =D, where H L is the bath depth and D is the diameter of the container. Iguchi et al. 6) classified the boundary type of the regime into four and proposed the empirical equations of each boundary, which are based on the experimentally measured values. The shallow-water wave type appears around H L =D % 0:3 and the deep-water wave type appears for H L =D > 0:3. In addition, the upper bound of the possible swirl regime is observed around
The jet-induced sloshing of the deep-water wave type has a high mixing ability and has been widely utilized in some practical applications such as a snow melting system and a wastewater treatment. A mixing time, an indicator to check the mixing ability, has been experimentally measured in some associated papers of, for instance, Yoshida et al.
7)
Furthermore, an entrainment of the inlet jet could accelerate a chemical reaction in the bath more than an usual mechanical agitation system. Similar rotary sloshing of the deep-water wave type is known to be observed even when the liquid jet is injected through an off-centered bottom nozzle. According to the previous experimental studies based on the water model, 8) the off-centered jet injection remarkably affects the sloshing wave at the radial nozzle position of L E ¼ ð1=4ÞD. The primary aim of this paper is to visualize the asymmetric jet-induced rotary sloshing with the aid of Experimental and Computational Fluid Dynamics (EFD and CFD) and to physically predict the amplitude of the sloshing.
Computational Procedure
The FLUENTÔ numerical software, version 6.2.16, was employed for all numerical predictions in the present study. GAMBIT 2.2.30 was used for the establishment of the 3D computational grid and the actual cylindrical container was made up of hexahedral 109,690 elements. A segregated implicit solver and second-order upwind interpolation scheme were employed. A small time-step of Át ¼ 2:5 Â 10 À3 (s) was adopted to achieve a convergence in every iteration. A free surface behavior was tracked by the Volume-* Graduate Student, Hokkaido University of-Fluid (VOF) model. The Large Eddy Simulation (LES) was adopted to simulate the turbulence. The convergence of the computed solution was determined based on residuals which was set at 10 À3 for the continuity and x-, y-, zvelocities (see Ueda et al. 9) for more details). (mm) each. These positions are also shown in Fig. 1 . The working fluid, tap water, partially filled in the container was circulated by a pump so that the bath depth can be kept constant. The water flow rate, Q L , was controlled, between 0 and 450 (cm 3 /s), by an inverter equipped with the pump. The aspect ratio, H L =D, was varied in the range 0:3 6 H L =D 6 1:7. The period and amplitude were measured by the CCD video camera (Sony DCR-SR60). The amplitude is usually defined as a half value of the highest and lowest peaks of the free surface on the sidewall of the container.
Experimental Setup and Procedure
The trajectory of the peak point of the free surface swell, over one cycle of the sloshing, was visualized by the CCD camera (Nikon D100 with Ai AF Micro Nikkor 60 mm F2.8D) exposing over 10 (s). The sloshing period is about 0.5 (s), as will be mentioned below, and, hence, at least twenty cycles are found to be captured during the photographic exposure. The horizontal cross-section near the peak point was illuminated by the single-pulsed laser. 3) The possible swirl region which corresponds to the bounded area by each plot seems to become narrow with increasing of L E . Figure 3 shows the comparison of the swirl period between the centered and off-centered nozzle injections. These values were measured in the stable sloshing condition of Fig. 2 . The theoretical period of eq. (1), based on the usual inviscid rotary sloshing, is also depicted in the same figure. It may be seen that the computed period is in nice agreement with the 
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Occurrence boundary and sloshing period
experimentally measured value and, furthermore, the offcentered period is almost identical with the period of the centered nozzle injection. The sloshing period is known to be independent of the inlet velocity (see Yoshida et al.
3)
). Figure 4 shows the computed 3D views with the associated photographs. It may be seen that the present computations are virtually identical with the experimental photos. Indeed, the computed amplitudes of the rotary sloshing, A CFD ¼ 3:47 (cm) for the centered and "
3D view, vertical flow pattern and trajectory of free surface swell
A A CFD ¼ 3:18 (cm) for the offcentered jet injection of L E ¼ ð1=4ÞD, are both almost in agreement with the experimentally measured values of A EXP ¼ 3:50 (cm) for the centered and "
A A EXP ¼ 4:87 (cm) for the off-centered jet injections. Here, the symbol " indicates the averaged value with respect to the view angle (see Fig. 1 
Þ. The amplitude due to the off-centered jet exhibits the different values in the various view angles and, therefore, the averaged amplitude is useful to estimate the off-centered rotary sloshing. The free surface wave caused by the off-centered nozzle injection consists of various frequency of the sloshing, ! n , n ¼ 1; 2; . . ., (see eq. (1) for the lowest frequency), and the high frequency components make a strong splash on the sidewall of the container. The experimentally measured value contains the high frequency components and exhibits a larger value than the case of the centered injection. In contrast to the experiment, the present computation is not easy to accurately simulate the high frequency surface wave and it results in the smaller value of the computed amplitude than the case of the centered injection. In our previous study 10) the experimentally measured amplitude including the splash was shown to be 19% larger than the one not including the splash for the centered nozzle injection. The inlet nozzle position from the center of the container is the important factor to occur the rotary sloshing. In our previous associated study 8) the offcentered distance of L E ¼ ð1=6ÞD is the most effective condition for the mixing time and, in contrast, the inlet nozzle position remarkably affects the sloshing flow in the L E ¼ ð1=4ÞD case. This study deals with the L E ¼ ð1=4ÞD case to propose a simple physical model of the amplitude. In Fig. 4 the stable swirling wave cannot be observed in L E ¼ ð3=8ÞD. Figure 5 shows the comparison of the computed vertical flow patterns. The position of the inlet nozzle could be a so-called supporting point of momentum of the sloshing wave and, therefore, result in a remarkable difference in the vertical circulation zone inside the sloshing and the free surface behavior. Also, Fig. 6 shows the comparison of the vertical component of the velocity, u z , at z ¼ 5:5 (cm) from the bottom of the container. The interesting profile of u z is observed in the L E ¼ ð1=4ÞD case. The strong downward velocity of u z can be seen in 0:0 6 x 6 2:5 (cm). In the case of L E ¼ ð3=8ÞD the u z velocity is almost static elsewhere than the core region of the jet and the rotary sloshing cannot be observed. Figure 7 shows the comparison of the computed trajectory of the peak point of the surface swell over one cycle of the sloshing between the centered and off-centered jet injections. In addition, Fig. 8 shows the experimental photograph together with the CFD result for L E ¼ ð1=4ÞD. The origin and the radius of the trajectory are estimated by averaging the measured values. For the centered jet injection the trajectory is almost the circle, of the radius 2.33 (cm), and whose origin is at (0.18, 0.06 cm). The computationally measured value of 2.33 (cm) is almost in agreement with the experimentally inspected value of 0:16a. For the off-centered jet injection the trajectory is slightly the ellipse, of the major radius a l ¼ 2:33 (cm) and the minor radius a s ¼ 1:85 (cm), and whose origin is at (5.62, 0.64 cm). As seen in Fig. 9 , we could geometrically find that the value of a l =a s is almost equal to the ratio of between r þ at ' ¼ =2 and r þ at ' ¼ 0. Indeed, in the case of L E ¼ ð1=4ÞD the geometrical ratio is of ffiffi ffi 3 p : 1 and, then, the ratio is almost identical with the computed value of 2:33 : 1:85. In Fig. 8 , experimental photograph shows the larger area of the illuminated surface swell than the computation because the illuminated horizontal plane was set around a little below of the peak point. Figure 10 shows the amplitude which was experimentally and computationally measured in the various view angles. The coordinates was shown in Fig. 1 . The off-centered inlet jet causes the different amplitude which is dependent on the view angle unlike the centered inlet jet. It seems that the amplitude at ¼ 180 (deg.) exhibits the minimum value of about A EXP ¼ 4:20 (cm) and A CFD ¼ 3:33 (cm) and, meanwhile, the maximum value is of A EXP ¼ 5:80 (cm) and A CFD ¼ 3:44 (cm) at ¼ 0 (deg.). As mentioned above, the x /cm y/cm Fig. 8 Comparison of the trajectory of the peak point of the surface swell caused by the off-centered nozzle injection of L E ¼ ð1=4ÞD between the CFD (see Fig. 7 ) and the experimental photograph for
Amplitude
2.12e+00 1.27e+00 6.39e-01 3.01e-03 2.12e+00 1.27e+00 6.38e-01 3.01e-03 2.25e+00 1.35e+00 6.74e-01 3.53e-05 experimentally measured amplitude of the L E ¼ ð1=4ÞD case could read 19% larger than the value without including the splash. To simplify the comparison, the computational result is shown to be increased 19% in Fig. 10 . In computation, the amplitude at ¼ 0 (deg.) does not exhibit the maximum value because of the over-estimate of the free surface swell due to the inlet jet. In the L E ¼ ð1=4ÞD case the free surface swell is formed near the sidewall of the container and the over-estimated surface swell could interfere the amplitude at ¼ 0 (deg.). As seen in Fig. 5 , the strong free surface fluctuation near the jet is observed in the off-centered injection case of L E ¼ ð1=4ÞD and, therefore, the higher frequency fluctuation of the sloshing wave could appear in the off-centered results.
We shall consider a strongly geometrical-based simple prediction for the amplitude due to the off-centered jet injection. The geometrical model is sketched in Fig. 9 . As shown in Fig. 9 , the horizontal distance between the inlet nozzle position and the sidewall are written as
Assuming that the angular momentum of the sloshing wave (shaded area in the bottom figure of Fig. 9 ) 11) would be conserved over one cycle of the sloshing, an asymmetric wave, which is shown in the center of Fig. 5 , gives the conservative equation as follows:
Now, we note that the amplitude, A, is a function of . The circumferential velocity profile, v , of the sloshing wave, which is physically based on Rankine's compound vortex, would be assumed as
r for r > r c :
The coefficient, C 1 , is here determined by equating v ðaÞ with the phase velocity of the ith mode sloshing wave, c ¼ ! n =k,
We note that the lowest frequency of the sloshing wave, ! 1 , was given in eq. (1) and the wave number, k, is written as k ¼ k n =a (see Ueda et al. 12) ). The critical radius, r c , which is based on the radius of the elliptic trajectory of the free surface swell shown in Fig. 7 , is experimentally and computationally calculated from ðx À 5:62Þ 2 =1:85 2 þ ðy À 0:64Þ 2 =2:33 2 ¼ 1. Of course, we note that the value of r þ is greater than r c . Substituting eq. (4) into eq. (3), we finally have
where we recall that r þ is given in eq. (2). We try to adopt experimentally measured value of Að0Þ and then eq. (6) gives the amplitude with respect to the view angle, . The physical prediction of eq. (6) is depicted in Fig. 10 .
Conclusions
We have investigated self-induced rotary sloshing caused by an upward off-centered jet in a cylindrical container. The visualization techniques employed in the present study have included the Experimental and Computational Fluid Dynamics (EFD and CFD). The main findings are as follows:
(1) The possible occurrence boundary caused by the offcentered jet becomes narrow with the increase of the radial nozzle position from the center. 
